Platinum-metal oxidation catalysts are to be introduced in exhaust systems of many 1975 model-year automobiles in the U.S. to meet Clean Air Act standards. Small quantities of finely divided catalyst have been found issuing from prototype systems; platinum and palladium compounds may be found also.
Introduction
The platinum metals comprise the rare metals in two triads of Group VIII of the periodic classification of elements: ruthenium (Ru), rhodium (Rh), palladium (Pd), and osmium (Os), iridium (Ir), and platinum (Pt). Standards for mobile emission sources (primarily automobiles) have been promulgated; manufacturers have chosen to meet the standards by equipping automobiles with devices using platinum-group catalysts. Losses of the active metals from these devices will expose large numbers of people to a new environmental contaminant whose biological effects may be important. Interactions of platinum metals and their compounds with biological systems have been reported over the last 140 years. The discovery that platinum metal complexes have a potent effect on cell division in bacteria and some animal tumors prompted more intensive study of their effects on cancers of many types. There is evidence that these platinum-metal complexes interact strongly with some amino acids, peptides, proteins, nucleotides, and nucleosides, specifically with deoxyribonucleic acid (DNA).
This paper summarizes information available on behavior of platinum metals and compounds and effects these materials produce in biological systems exposed to them. It describes a method of quantitation of platinum at nanogram levels in biological samples by atomic absorption spectrometry.
Catalytic Converters
Catalytic converters containing an estimated 1-3 g (approximately 0.1 oz troy), of platinum (Pt) and palladium (Pd) metal have been developed to oxidize unburned hydrocarbon (HC) and carbon monoxide (CO) emissions in internal combustion engine (ICE) exhaust to water (H20) and carbon dioxide (CO.,) to meet the standards established in the Clean Air Act (1) . Antiknock additives containing lead alkyls and organic halide scavengers will not be used in the fuels for converter-equipped vehicles because they inactivate the catalysts. Sulfur in the fuel is oxidized to sulfur dioxide (SO2) in the engine; this SO2 is further oxidized in the converter to the trioxide, SO3 , that combines with water to produce a mist of sulfuric acid (H2SO0) in the exhaust gas Environmental Health Perspectives that depends on their fineness (or compactness), on the presence and character of impurities, metallurgical history, and conditions of dissolution (5) .
There may be a tendency to think the nobility and chemical resistance of the bulk metal extends to the finely divided form and conclude that it is nearly unreactive and must therefore be innocuous. According to Beamish (5) , given sufficient fineness, the platinum metals may be expected to respond to the corrosive action of even single mineral acids, particularly in the presence of air. Losses of 1-8 g of platinum per metric ton of sulfuric acid, depending on concentration, were reported for some of the early methods of production of the acid in platinum-lined vessels (6) . Palladium is subject to attack by hot concentrated mineral acids.
It is not possible to state, definitively, the extent to which sulfates issuing from a catalytic exhaust system may include those of platinum or palladium, without accurate information on the conditions that obtain in the system.
Platinum is subject to net weight loss when heated strongly in air or oxygen. Depending on conditions, it may incur a loss of weight due to volatility of an oxide or a gain resulting from formation of a stable oxide (5) . This point has been treated in an extensive discussion of a century's conflicting reports of reactions under many different conditions (7) . Formation of intermetallic alloys within the platinum group or with associated base metals is well known; the effect of such alloying on the resistance to dissolution cannot be simply inferred from the behavior of the components (5 Collier and Kraus (12) treated tumorous mice with some 64 transition metal chlorides, including those of three platinum metals. They reported a slight activity on mouse sarcoma by two ruthenium compounds and no significant effect by the rhodium and osmium compounds they used. Taylor and Carmichael (13) studied effects of some 37 transition metal chlorides and nitrates on mouse mammary adenocarcinoma and transplantable sarcoma in DBA mice. The results were favorable with rhodium and iridium chlorides, but apparently these agents were not studied further. Rosenberg (14) Reiset (37) .
Thermodynamic versus Kinetic Properties of Complexes
The terms "stable" and "unstable" are used to refer to the thermodynamic properties of the complex species considered. The term "inert" is used in the kinetic sense, to describe complexes which engage in ligand replacement reactions slowly; those which undergo such reactions rapidly are described as "labile", as suggested by Taube (38) .
While it is often true that stable substances are slow to react and unstable compounds react rapidly, there is no absolute requirement that this be the case. Synthesis of various Pt (II) compounds rests on utilization of competing thermodynamic and kinetic factors. The behavior of the complexes with biological materials will depend on the same considerations; the distinction between thermodynamic and kinetic factors may be important in understanding the interactions. Some metal complexes are so stable they do not react with the biological system. Thus, the stability (stability constant, K-044) and inertness (kinetics extremely slow) of the complex [Fe (CN)G] 2-are so great, even in acid solution, that it yields no significant HCN; this cyanide complex could be ingested with no ill effects.
Kinetics of the ligand substitution reaction are important, since the half-times of the reactions may range from less than a second to months or years. The latter may appear to be "stable" if only short studies are made. The rates are functions of the geometry of the complex, the metal and its oxidation state, and the polarizability of the ligands. Photochemical effects and pH may also affect reaction rates.
Effect of Metal Oxidation State
Stability of oxidation states of metal complexes in the biological medium must be considered. Low-spin complexes generally undergo rapid one-electron oxidation or reduction reactions. Since biological systems operate at low redox potential, approximately -0.5 to 0 V, reduced low oxidation states usually obtain. Platinum group complexes would be reduced to the metallic state under these conditions but for their inert reduction kinetics. Although Pt(IV) amines would be expected to penetrate biological systems more rapidly than Pt(II) amines, the latter produce the biological effect. izes to the trans form, and photo-oxidation and reductions have been reported (40, 41) .
Common Chemical Features of Antitumor Complexes
Of the transition-metal complexes tested for antitumor activity, only a small number have shown it; some active compounds are highly toxic. The effective compounds have features in common that may aid us in understanding their interactions with biological systems.
Some of these features are outlined here. The complexes exchange some ligands rapidly; other ligands are exchanged slowly or not at all. This behavior is usually found in low-spin complexes having electrons paired in the t29 level d-oribitals. Strongly bound ligands are transported with the metal through membranes like cell walls. The geometric configurations of transition metal cations are: square-planar (usually low-spin, d8), pentagonal square-pyramidal (usually low-spin, d7), octahedral (all other low-spin electronic configurations).
Active antitumor agents usually have two exchangeable ligands in cis positions. The ligand donor atoms most probable for the low-oxidation state cations in a biological system are N, 0, S, Cl, Br; these donor atoms may be incorporated into a large variety of ligands. Some ligands are monodentate; others may be mono-or multidentate. Chelation may occur with the latter. Halide ligands can form bridges between metals.
The activity of cis-[Pt(NH,),2Cl2] against tumors is associated with reactions replacing the halides. These complexes are bifunctional reagents that may undergo nucleophilic substitution at two cis positions.
Antitumor behavior is apparently not related to oxidation-reduction reactions of the metal.
Detailed Reaction Scheme
Square-planar complexes undergo predominantly bimolecular nucleophilic displacement reactions in contrast to the generally dissociative reactions exhibited by octahedral complexes. Cis-[Pt (NH3)2C12], for example, is injected as a neutral molecule in physiologic saline solution. This neutral species may undergo limited hydrolysis in the extracellular fluid (,..O.lM Cl-). Within the cell, a lower chloride ion concentration obtains (0.004M Cl-) ; thus more extensive hydrolysis may occur as indicated in the stepwise reaction scheme (1), which assumes monomeric species and preservation of the cis configuration of the ammine ligands despite the greater favorability of the trans configuration thermodynamically. The stability constants shown are cited by Balzini (41). The rate constants for the successive aquation reactions (41) shown for cis-[Pt(NH3 )2 C12] are kl,H2o = 2.5 X 10-5 sec-, k2,H2o= 3.3 X 10-5 sec-1; at 200C; thus these reactions have half-times of the order of 6-8 hr (42) Electronic absorption spectra yield information on interactions between the metal and bound groups, stability constants and rate constants for complexation. Magnetic and natural circular dichroism (CD) measurements also yield useful information on geometries and metal-ligand interactions. Electron spin resonance (ESR) and nuclear magnetic resonance (NMR) are useful in determining symmetry relations, binding constants and rate data. Vibrational spectra may also be used for characterization of the molecular structures.
A few studies reporting various biological effects reflect known total quantities used in the experiments, but few data are available from analyses for the metal distributed in the biological system. The available data have come principally from tracer experiments with radioactive platinum isotopes.
Renshaw Unfortunately, the platinum radionuclides present experimental difficulties because of the short half-life of the radioactive isotopes and relatively lengthy steps in synthesis and purification of complexes. Studies of long duration require low-level counting facilities if tracer levels introduced initially are to be kept at levels that do not require heroic safety precautions.
Techniques for Quantitation
Quantitation of platinum can be performed at relatively low concentrations by several techniques including mass and emission spectrography, arc, spark, and M6ssbauer spectroscopy, x-ray fluorescence, neutron activation, and electronic and atomic absorption.
Standard Reference Materials
The biological Standard Reference Materials (SRM) available from the National Bureau of Standards (NBS) (bovine liver SRM 1577 and mixed orchard leaves SRM 1571) do not contain certified quantities of Pt metals. Laboratories analyzing for these metals have no biological standard to measure their analytical techniques against.
The NBS does offer high purity platinum wire, SRM 680, with a certified analysis from which a hexachloroplatinic acid standard can be prepared. Our determinations by use of atomic absorption spectrophotometry have been based on standards prepared-from highly purified Pt metal and a commercially available hexachloroplatinic acid standard.
We plan independent analyses of the platinum in biological materials to confirm results obtained by atomic absorption spectrometry. One method to be used is neutron-activation analysis using the reaction (2):
0 =4b tl/ 2= 31m 7.3% abundance (2) 199Au subsequently decays to 199Hg with a 3.15 day half-life.
Quantitation of Platinum in Biological Samples
Analytical techniques have been evolved to overcome difficulties specific to the types of samples analyzed. Biological samples present special considerations and difficulties; they usually contain a substantial proportion of water, and ionic metal species may bind so strongly to amino acids and proteins that the 
